Abstract In this paper, two kinds of advanced powder processing techniques Metal Injection Molding (MIM) and Direct Laser Forming (DLF) are introduced to fabricate complex shaped Ti alloy parts which are widely used for medical and aerospace applications. The MIM process is used to strengthen Ti-6Al-4V alloy compacts by addition of fine Mo, Fe or Cr powders. Enhanced tensile strength of 1030 MPa with 15.1% elongation was obtained by an addition of 4 mass%Cr because of the microstructural modification and also the solution strengthening in beta phase. However, their fatigue strength was lower compared to wrought materials, but was improved by HIP. Subsequently, the effect of feeding layer height (FLH) on the characteristics of the DLF compacts was investigated. In the case of 100 µm FLH, surface roughness was improved and nearly full density (99.8%) was obtained. Also, tensile strength of 1080 MPa was obtained, which is higher than the ASTM value.
Introduction
Advanced powder processing techniques such as metal injection molding (MIM) are hoped to be suitable for fabricating complex shaped Ti or its alloy parts with low cost. So far, we have applied MIM process to produce various types of Ti alloys using mixed powders such as Ti-6Al-4V [1] , Ti-6Al-2Sn-4Zr-2Mo-0.1Si [2] , Ti-6Al-2Sn-4Zr-6Mo [3] , Ti-4.3Fe-7.1Cr [4] , and Ti-6Al-7Nb alloys [5, 6] . In this study, the MIM process has been applied to strengthen Ti6Al-4V alloy compacts by addition of fine Mo or Fe or Cr powders. These elements are beta stabilizing elements and have the potential to strengthen Ti-6Al-4V alloy effectively by solution strengthening [7] Also, they are more cost effective powders compared to Ti powder except for Mo powder. Furthermore they were sufficiently diffused in the sintered Ti compacts in previous studies [3, 4] . To improve the mechanical properties of Ti-6Al-4V alloy compacts, the effect of powder type and sintering conditions on the relative density, mechanical properties and microstructures of the sintered compacts were mainly investigated.
On the other hand, direct laser forming (DLF) technique is another advanced powder processing technique [8] . In this process, powder material is embedded as a thin layer to be melted by laser scanning. Following this scanning, another powder layer is supplied and the same procedure is repeated, so that these solidified layers construct arbitrary shaped components. Recently, much effort has been made to apply this process to automobile, aerospace and medical fields due to the potential of producing complex shaped structures [9] [10] [11] [12] . It has been reported that porous materials can be fabricated by this process in order to make artificial bone [13] . The artificial bone was made of a titanium alloy, Ti-6Al-7Nb, which does not contain any bio-toxic elements. In this study, we focused on metal powder feeding, especially feeding layer height (FLH). The reasons are: first, in the same laser scanning condition, the property of final product is strongly affected by the amount of melted metal pool as mainly determined by feeding layer height.
Next, for industrial applications of DLF, we have to consider the processing time efficiency, which is dominantly decided by FLH. Therefore, this study presents the effect of FLH on the mechanical properties and surface roughness of laser formed metallic parts. Pa) at various temperatures for 14.4 ks.
The density of sintered compacts was measured by the Archimedean method with an automatic densimeter. The tensile test was conducted using a universal testing instrument and non-contact video extensometer with a crosshead speed of 8.33×10
−5 m/s in air at room temperature. To determine the distribution of each element in the sintered compacts, characteristic X-ray images were taken using an electron probe micro analyzer with a wavelength dispersive analyzer. X-ray diffraction analysis was also performed to estimate the phase constitution of the sintered compacts using Cu-Kα radiation. The carbon content of all compacts is nearly constant around 0.3 mass% with increasing sintering temperature. MPa, which is not the same trend as the tensile strength.
Result and Discussion
The reason of small improvement could be explained by the internal pores observed on the fractured surface of their compacts. Therefore, fatigue endurance is improved by HIP as shown in Fig. 7(b) . 
Improvement of Properties of Direct Laser Formed Ti-6Al-4V Compacts 1.2.1. Experimental Procedure
A Ti-6Al-4V powder used in this study produced by a gas atomization process, is spherical with a particle size under 45 µm (mean particle size: 34.4 µm) as shown in were used for image analyzing and the average was evaluated. The etched cross-section was observed in optical microscope. Oxygen content was estimated by oxygen analyzer (LECO TC-500SP). Vickers hardness and tensile strength were also assessed for each specimen.
Results and Discussion
The relationship between FLH and surface roughness is shown in Fig. 13 . From this result, it is seen that high surface roughness results in low relative density. High FLH means that the amount of melted metal pool is larger, resulting in high surface roughness and low density through inhomogeneous melting and cooling. The effect of high surface roughness could be also confirmed in cross-sectional images in Fig.   15 . Interestingly, if the FLH is high, inclined large pores form with uniform spacing. The forming mechanism of this unique pore structure will be briefly discussed in another section. It is thought that inhomogeneously melted metal pool makes these regularly arranged pores and large deviation in relative density; however it should be investigated in more detail.
In microstructure, an acicular martensitic phase due to rapid cooling and α+β phase were observed in all specimens (Fig. 16) . In 100 µm FLH, martensitic phase showed epitaxial 
Conclusions
The MIM process was applied to strengthen Ti-6Al-4V Small feeding layer height (FLH) is strongly effective for increasing density and mechanical property of DLF Ti6Al-4V compacts. Moreover, surface roughness could be improved by small FLH. In this study, 70 µm in R z , 99.8% in density and 1080 MPa in tensile strength were obtained by introducing a small feeding layer height. It might be thought that small FLH is a time-consuming process, however, extremely small feeding layer height (e.g.: single uniform particle height) should insure ultraresolution products by laser forming technique.
